Inflammation is a major risk factor for neonatal white matter injury (NWMI), which is associated with later development of cerebral palsy. Although recent studies have demonstrated maturation arrest of oligodendrocyte progenitor cells (OPCs) in NWMI, the identity of inflammatory mediators with direct effects on OPCs has been unclear. Here, we investigated downstream effects of proinflammatory IL-1b to induce cyclooxygenase-2 (COX2) and prostaglandin E2 (PGE2) production in white matter. First, we assessed COX2 expression in human fetal brain and term neonatal brain affected by hypoxic-ischemic encephalopathy (HIE). In the developing human brain, COX2 was expressed in radial glia, microglia, and endothelial cells. In human term neonatal HIE cases with subcortical WMI, COX2 was strongly induced in reactive astrocytes with "A2" reactivity. Next, we show that OPCs express the EP1 receptor for PGE2, and PGE2 acts directly on OPCs to block maturation in vitro. Pharmacologic blockade with EP1-specific inhibitors (ONO-8711, SC-51089), or genetic deficiency of EP1 attenuated effects of PGE2. In an IL-1b-induced model of NWMI, astrocytes also exhibit "A2" reactivity and induce COX2. Furthermore, in vivo inhibition of COX2 with Nimesulide rescues hypomyelination and behavioral impairment. These findings suggest that neonatal white matter astrocytes can develop "A2" reactivity that contributes to OPC maturation arrest in NWMI through induction of COX2-PGE2 signaling, a pathway that can be targeted for neonatal neuroprotection.
| I N TR ODU C TI ON
Extremely low birth weight (ELBW) preterm infants show high rates of neurological impairment including cognitive, behavioral, neurosensory, and motor dysfunction as well as cerebral palsy (Moore et al., 2012; Serenius et al., 2013) . Indeed, the prevalence of these conditions is increasing due to enhanced survival of ELBW preterm infants in the modern neonatal intensive care unit (Boyle et al., 2011; Guillen et al., 2015) . Cerebral palsy in preterm infants is associated with neonatal white matter injury (NWMI), pathologic disturbances in myelination that can be focal or diffuse (Fern, Matute, & Stys, 2014; Northam, Li egeois, Chong, Wyatt, & Baldeweg, 2011; Woodward, Anderson, Austin, Howard, & Inder, 2006) and often associated with gray matter abnormalities (Pierson et al., 2007) . Magnetic resonance imaging (MRI) has aided detection of NWMI and is predictive of preterm infants at high risk of developing cerebral palsy during childhood (Woodward et al., 2006) . Despite interventions that have dramatically improved ELBW infant survival, no neuroprotective therapy exists to prevent rising rates of cerebral palsy in developed countries.
The predominant form of NWMI is a diffuse injury to myelin tracts (Counsell et al., 2003) that involves inflammation and gliosis, a reactive response by microglia and astrocytes (Inder et al., 2005; Pekny and Nilsson, 2005; Riddle et al., 2011; Supramaniam et al., 2013; Verney et al., 2012 ) that can be triggered by systemic processes such as infection (Deng, 2010; Deng et al., 2014; Hagberg et al., 2015; Malaeb and Dammann, 2009) . Increased markers of inflammation in the neonatal period are strongly associated with the development of cerebral palsy, NWMI and poor neurological outcomes (Dammann and Leviton, 1997; Leviton et al., 2016) . Although it had been thought that inflammation led to NWMI by depleting the oligodendrocyte progenitor cell (OPC) pool (Back, 2006) , more recent histologic studies using markers of discrete stages of OPC development in NWMI reveal that OPCs are present but arrested in a pre-myelinating and immature state (Billiards et al., 2008; Buser et al., 2012; Verney et al., 2012) .
Reactive astrogliosis is a hallmark of human NWMI (Back and Miller, 2014; Back and Rosenberg, 2014; Khwaja and Volpe, 2007) and can have either protective or deleterious effects (Sofroniew, 2014; Williams, Piaton, & Lubetzki, 2007) . Although factors induced by reactive astrocytes such as hyaluronic acid (Back et al., 2005) , BMP (Wang et al., 2011) , endothelin-1 (Hammond et al., 2014) can impair OPC maturation, STAT3-dependent astrocyte reactivity is also protective (Nobuta et al., 2012) , suggesting functional hetereogeneity among reactive astrocytes. Reactive astrocytes have recently been subtyped as "A1" or "A2" based on distinct molecular markers (Liddelow et al., 2017) . Reactive astrocytes expressing "A1" markers are found in multiple adult human neurodegenerative conditions and are thought to confer neurotoxic effects. In transcriptional assessments of reactive astrocyte subtypes in mouse models, induction of Cox2 was associated with the "A2" phenotype (Liddelow et al., 2017; Zamanian et al., 2012) .
However, the role of "A2" astrocytes in neuroinflammatory injury is unclear and human neuropathologic conditions associated with "A2" astrocytes have not been reported.
The pro-inflammatory cytokine IL-1b induces cyclooxygenase type 2 (COX2) and prostaglandin E2 (PGE2) production, and systemic IL-1b administration is sufficient to induce NWMI in a rodent model (Favrais et al., 2011) . PGE2 is a pro-inflammatory mediator that is derived from arachidonic acid through the rate-limiting cyclooxygenase (COX) enzymes and signals to the EP family of cell surface receptors (Legler, Bruckner, Uetz-von Allmen, & Krause, 2010) . PGE2 can be released by activated microglia and reactive astrocytes in the immature brain (Molina-Holgado et al., 2000; Xia et al., 2015; Xu et al., 2003) . PGE2 is elevated in the CSF of term and preterm neonates with culture-verified sepsis and meningitis (Siljehav, Hofstetter, Leifsdottir, & Herlenius, 2015) , as well as neonates afflicted by perinatal asphyxia (Bj€ ork, Leifsdottir, Saha, & Herlenius, 2013) . Relevant to the observations of oligodendrocyte maturation arrest is that PGE2 can alter the fates of progenitor cell populations (Castellone, Teramoto, Williams, Druey, & Gutkind, 2005; Goessling et al., 2009) . In this study, we asked whether PGE2 could directly inhibit oligodendrocyte progenitor maturation and possibly be a therapeutic target to reduce inflammation-induced
NWMI?
Here, we show that astrogliosis in human NWMI is associated with "A2" astrocytes that express COX2. In vivo systemic IL-1b treatment in a mouse model of neonatal hypomyelination also induces "A2" astrocyte reactivity. IL-1b upregulates COX2 and the production of PGE2, which directly inhibits OPC maturation in an EP1-receptor dependent manner. Moreover, systemic inhibition of COX2 in vivo reduced IL-1b-mediated effects on hypomyelination and OPC maturation arrest, suggesting a potential therapeutic approach. EP1 deficiency did not grossly affect brain morphology (data not shown). IL-1b (R&D Systems, Minneapolis, MN) injections at postnatal dates 1-5 (P1-P5) were conducted with male Swiss Webster mice as previously described (Favrais et al., 2011) . Because the IL-1b-induced white matter model was conducted in male pups only, sex differences were not assessed. Briefly, on P1, litters were culled to approximately 10 pups, and all pups in a litter were allocated to a group [phosphate buffered saline (PBS) or IL-1b]. Mice received twice a day (morning and evening) from P1 to P4 and once on P5 (morning) a 5 ml intraperitoneal injection of 10 mg/kg/injection recombinant mouse IL-1b in PBS (R&D Systems) or PBS alone. Nimesulide (Sigma-Aldrich), a SHIOW ET AL. selective COX2 inhibitor, was intraperitoneally injected following the same schedule as IL-1b protocol. Nimesulide was diluted in a solution of DMSO (0.1%, Sigma) to achieve a dose of 1mg/kg/injection and injected at the same time with PBS or IL-1b, as previously described (Favrais, Schwendimann, Gressens, & Lelièvre, 2007) . 0.1% DMSO alone had no effects (data not shown).
| OPC and mixed glial cell cultures and treatments
Oligodendrocyte precursor cell cultures were obtained from mouse and rat pups through two separate methods. Mouse OPCs were immunopanned from P6-P8 mouse cortices as previously described (Fancy et al., 2011) , plated on poly-D-lysine coverslips (Neuvitro; Vancouver, WA), and maintained in proliferation media containing the following growth factors: platelet-derived growth factor-AA (PDGF-AA), ciliary neurotrophic factor (CNTF), and neurotrophin-3 (NT3) (Peprotech, Rocky Hill, NJ) at 10% CO 2 and 378C. Purified cell preparations were >95% Olig21, <1% Iba11, and 24% GFAP1 as assessed by IHC (data not shown). After 1-2 days in proliferation media, differentiation was induced by changing media to contain CNTF and triiodothyronine (T3; Sigma, St Louis, MO). PGE2 (Sigma), Wnt3a (Peprotech), IL-1b (R&D systems), ONO-8711 (Cayman Chemicals, Ann Arbor, MI), and DMOG (Sigma) were added with differentiation media.
Rat OPC cultures were obtained from the McCarthy and DeVellis' modified protocol (McCarthy and de Vellis, 1980) . Briefly, cortices from P0 to P2 Sprague-Dawley rat pups were used to obtain mixed glial cultures for 10 days in MEM medium (Sigma) with 20% fetal bovine serum. At Day 11, a 2-step-shaking (260 RPM, 378C, ambient air) was performed with a first short shaking for 1.5 hr to remove microglial cells and a second one for 18 hr to harvest oligodendrocytes. Then, OPC proliferation was induced by a medium enriched in PDGF-AA (10 ng/ml; Peprotech) and basic Fibroblastic growth factor (bFGF, 10 ng/ ml; Sigma) for 5 days. OPC purity had been assessed >90% at Day 4 (data not shown). At Day 4 of proliferation phase, PGE2 (Sigma) was added to the medium diluted in 0.1% DMSO (Sigma) from 1nM to 1 mM for 24 hr. SC-51089 (10 mM, Tocris Biosciences), a selective EP1 Mixed glial cultures were prepared as previously described in Schildge, Bohrer, Beck, and Schachtrup (2013) and plated on poly-D-lysine (EMD Millipore, Darmstadt, Germany) coated plates. Cells were stimulated with IL-1b and Nimesulide for assays 7-10 days after plating.
Cells were collected for western blot analysis or medium was collected for measurement of PGE2 concentration.
| Antibody-coupled magnetic cell isolation of glia
Cells positive for CD11b (microglia and macrophages), O4 (pan-oligodendrocytes) or GLAST (astrocytes), were extracted using the antibody-coupled magnetic bead system following the manufacturer's recommendations (Miltenyi Biotec, Bergisch Gladbach, Germany) and as previously reported in Schang et al. (2014) . Cells were from cortices isolated at P5, 4 hr after the final injection of PBS or IL-1b. The purity of fractions was verified using qRT-PCR for glial fibrillary acid protein (Gfap), neuronal nuclear antigen (Rbfox3, NeuN), ionizing calcium binding adapter protein (Aif1, Iba1), and oligodendrocyte differentiation Factor 2 (Olig2).
| RNA isolation and quantitative real-time PCR
RNA was extracted from samples in Trizol (Life Technologies, Carlsbad, CA) with phenol-chloroform followed by RNeasy Mini Kit (Qiagen, Hilden, Germany), and cDNA generated by High-Capacity RT-PCR kit (Applied Biosystems, Foster City, CA) or iScript cDNA synthesis kit (Bio-Rad, Hercules, CA). qPCR using Sybr Green (Roche, Basel, Switzerland; or Biorad) was conducted on a LightCycler480 (Roche) or a CFX384 (Biorad). Primers for qPCR include: Hprt (forward-TGGTGAAAAGGACCTCTCGAA, reverse-TCAAGGGCATATCCAA-
(forward-TCCAGAAACCCCTGTGTAGC, reverse-CAGCAGTGTGCA GTTGATGA), and Gfap (forward-AAGCCAAGCACGAAGC TAAC, reverse-CTCCTGGTAACTGGCCGACT).
| Rodent Immunohistochemistry and Immunofluorescence
Coverslips were fixed in 4% PFA and immunostained with rabbit anti- Sections were then rinsed with PBS and incubated with DAPI for 5 min for nuclear counterstaining. All incubations were performed at room temperature, protected from light in a humidified chamber. Finally, the sections were rinsed with PBS, coverslipped with Fluoromount (Southern Biotech) and stored at 48C for subsequent confocal microscopic analysis.
Tissue from term hypoxic-ischemic encephalopathy (HIE) and control cases (Table 1) were immersed in PBS with 4% paraformaldehyde for 3 days. On Day 3, the brain was cut in the coronal plane at the level of the mammillary body and immersed in fresh 4% paraformaldehyde/ PBS for an additional 3 days. After fixation, all tissue samples were equilibrated in PBS with 30% sucrose for at least 2 days. Following sucrose equilibration, tissue was placed into molds and embedded with OCT for 30-60 min at room temperature or 48C followed by freezing in dry ice-chilled ethanol or methyl butane. The diagnosis of HIE requires clinical and pathological correlations. With respect to the pathological features, all HIE cases in this study showed consistent evidence of diffuse white matter injury, including astrogliosis and macrophage infiltration using GFAP and CD68 staining. All brain samples were examined and classified by an experienced neuropathologist.
Although some control samples included infants with congenital diaphragmatic hernia, which may result in hypoxemia, all brain samples were examined and classified by an experienced neuropathologist and control samples did not exhibit evidence of astrogliosis or macrophage infiltration. Slides were blocked with avidin and biotin (Vector Labs Burlingame, CA), and 10% goat serum, then permeabilized with TritonX-100 0.05%, and incubated overnight with primary antibodies at room temperature: mouse anti-S100A10 (Invitrogen; MA5-15326), rat anti-GFAP (Invitrogen; MA5-12023), or rabbit anti-COX2 (Abcam).
COX2 was signal amplified with biotinylated goat anti-rabbit secondary followed by avidin-peroxidase complex (Vectastain ASBC, Vector). Fluorescence staining was performed with fluorochromes tagged to streptavidin or goat secondary antibodies (Invitrogen).
| BrdU, LDH, and PGE2 Measurements
Oligodendrocyte proliferation or death were observed just after the 
| Signaling pathway ELISAs
To explore PGE2 signaling pathway, cellular inflammation proteins were measured using a multi-target sandwich ELISA focusing on phospho-p38MAPK, phospho-p65NFjB, phospho-SAPK/JNK, phospho-IjBa and phospho-STAT3 (Cell Signaling, PathScan inflammation). Total cell proteins were extracted at the end of PGE2 24h-exposure. Lysis buffer contained 4-hydroxybutyl-acrylate with 1%
Triton-X (Sigma), 1% protein inhibitor cocktail (Sigma) and 5 nm sodium fluoride (Sigma). OPCs were lysed on ice and froze at 2208C until use.
After defrosting on ice, 10 s sonication was performed followed by a centrifugation (14,000 rpm) for 15 min at 48C. Then, the supernatant was collected, and protein concentration was measured based on Bradford method using bovine serum albumin (BSA) standard curve and colorimetric assay (Biorad, Bradford protein assay). Then, ELISA assay was performed on a 96 pre-coated well-plate with 4 samples per experimental groups (DMSO 0.1% for 24 hr vs. PGE2 10 mM for 24 hr) in duplicate following the manufacturer's instructions.
| Western blot
Cells were lysed with RIPA buffer directed on tissue culture plates, 
| Behavioral assessment
Temporal and spatial memory functions were assessed at P29 and P30 through the novel object recognition (NOR) and the object location memory (OLM) tests, respectively. For these tests, the exploration time of two objects placed in 36 3 36 3 10 cm box arena was measured twice for 4 and 3 min apart. First, two identical objects were placed in two distinct corners of the box. Second, one of the two objects were either displaced or replaced by a new one for OLM or NOR assessments, respectively. Exploration time was defined as the duration an animal spend either pointing its nose towards the object at a distance of <1 cm and/or touching it with the nose; turning around, climbing, and sitting on the object were not considered as exploration. Recognition of the familiar object was scored by preferential exploration of the novel object using a discrimination index (novel object interaction/total interaction with both objects, range from 0 to 100%; 50% 5 no preference).
| Statistics
Data are presented as means 6 SEM. Unpaired two-tailed t-tests or Mann Whitney U tests were performed for two group analyses based on the outcome of normality testing, or a one-way Anova for three or more group analyses, as indicated in the text and figure legends. Analyses were performed using Graphpad Prism (Graphpad Software, San Diego, CA) and Excel (Microsoft, Redmond, WA) 3 | R E SU LTS 3.1 | COX2 protein is expressed in glial cells of the third trimester human fetal brain
To determine whether COX2 was normally expressed in the developing human brain, we undertook immunohistochemical (IHC) analysis using a collection of human fetal brain samples (27, 30, and 31 gestational week cases; Supporting Information Table S1 ). In the three cases, IHC staining revealed COX2 expression in Iba1-positive microglia (Figure 1a) , Nestin-positive putative radial glia (including a subset of immature astrocytes) (Figure 1b) , and CD34-positive endothelial cells ( Figure   1c ) within the sub-ventricular zone.
| COX2 protein is induced by human reactive astrocytes in neonatal white matter
To further investigate the expression of COX2 in neonatal white matter pathology, we performed immunohistochemistry on subcortical (Figure 2a ) from postmortem samples in a collection of term infant cases that suffered from HIE and matched controls (Table 1) . We found that COX2 expression was substantially increased in reactive GFAP1 white matter astrocytes (Figure 2b,c) . When we enumerated the number of GFAP1 astrocytes and CD451 immune cells expressing COX2 in control and HIE cases, we found that GFAP1 astrocytes exhibited a significant increase in total numbers and COX2 expression. In comparison, CD451 cells were unchanged in total numbers or COX2 expression (Figure 2d ). Although the total number of COX21 cells also includes endothelial cells (see above and Figure 1c ) and immune cells (including microglia and peripherally derived myeloid cells), the increase within GFAP1 cells accounts for the overall rise in COX21 cells in HIE cases.
Reactive astrocytes have recently been delineated as "A1" or "A2" subtypes based on distinct expression patterns of molecular markers (Liddelow et al., 2017) . In transcriptional assessments of these reactive astrocyte subtypes, COX2 (Ptgs2) upregulation was reported to be associated with the "A2" phenotype (Liddelow et al., 2017; Zamanian et al., 2012) . Therefore, we also looked for expression of the "A2" associated marker, S100A10, and found strong co-expression within GFAP1 white matter astrocytes in HIE cases (Figure 2e,f) . These findings show that COX2 is strongly induced in human HIE white matter within reactive astrocytes of an "A2"-associated phenotype, and suggests that "A2" reactive astrocytes may be an important source of PGE2 in human NWMI.
| Astrocytes exhibit "A2" reactivity with systemic IL-1b treatment
We have previously reported that P1-P5 systemic administration of IL1b impairs OPC maturation and results in myelination defects that mimic human preterm deficits (Favrais et al., 2011) . To further investigate the ability of microglia and/or astrocytes to generate prostaglandin in vivo, we isolated these cells from mouse pups treated with systemic IL-1b. As shown (Figure 3a) , both CD11b1 microglia and GLAST1 astrocytes isolated from IL-1b treated animals expressed elevated levels of COX2 transcript compared with controls. Representative images (e) and quantification (f) of S100A10 co-expression with COX2 in white matter GFAP1 astrocytes. Arrows mark GFAP1 astrocytes co-expressing S100A10 and COX2. Arrowhead marks a GFAP1 astrocytes expressing only S100A10. Data from n 5 4 control and n 5 3 HIE cases. p-values calculated from two-tailed unpaired t-tested. *p < .05, **p < .01, ***p < .005, ****p < .001
Our findings in human NMWI indicate that robust COX2 induction occurs in reactive astrocytes with an "A2" phenotype. Therefore, we asked whether reactive astrocytes following systemic IL-1b exposure also exhibit an "A2" transcriptional profile of reactivity. GLAST1 cells were isolated at P5 following P1-P5 systemic IL-1b treatment and assessed for markers of pan reactivity (Figure 3b ), A1-associated reactivity (Figure 3c ), and A2-associated reactivity (Figure 3d) . Together, the expression pattern shows a differential increase the A2-associated markers S100a10 and Emp1 but lack of induction for A1-associated markers (Fbln5, Amigo2, Serping1). These findings indicate that astrocytes in the IL-1b model of NWMI develop an A2-associated reactivity, reflecting the white matter astrocyte phenotype seen in neonatal human pathology.
| IL-1b induces COX2-dependent production of PGE2
We next confirmed that IL-1b induction of COX2 results in PGE2 production. Mixed glial cultures containing microglia and astrocytes were LDH release from OPCs exposed to PGE2 from 1nM to 1mM for 24 hr (n 5 3 per group). *p < .05, **p < .01, ***p < .005 Data shown compiled from at least three independent experiments SHIOW ET AL.
| 2031 stimulated with IL-1b. As shown (Supporting Information Figure S1a ), IL-1b stimulation of mixed glial cultures resulted in elevated COX2 protein consistent with previously published work that COX2 could be induced by astrocytes or microglia (Katsuura, Gottschall, Dahl, & Arimura, 1989; Molina-Holgado et al., 2000) . IL-1b-stimulated mixed glial cultures also produced PGE2 and this was inhibited by Nimesulide, which specifically targets COX2 (Supporting Information Figure S1b ). In contrast, we found that direct IL-1b treatment of purified OPCs did not induce COX2 or lead to OPC maturation arrest (Supporting Information Figure S1a ,c), consistent with a previous study (Vela, 2002) .
Taken together, these findings indicate that IL-1b activates astrocytes and microglia, but not OPCs, to produce PGE2 in a COX2-dependent manner.
| PGE2 arrests OPC maturation
To test whether PGE2 had a direct effect on OPCs, cells were isolated from neonatal mouse cortices using anti-PDGFRa immunopanning (Emery and Dugas, 2013) . Upon T3 hormone maturation treatment, OPCs differentiate and express MBP while expression of the immature OPC marker Nkx2.21 decreases (Qi et al., 2001) (Figure 4a ). PGE2 treatment resulted in a robust and dose-dependent suppression of this T3 induced MBP expression (Figure 4b,c) . We confirmed that PGE2
blocked OPC maturation by monitoring persistent expression of immature OPC marker Nkx2.2 (Figure 4d ). PGE2 had no effect on overall Olig21 cell numbers, consistent with an alteration of OPC differentiation as compared with proliferation or OPC death ( Figure   4e ). In parallel, purified rat OPCs were also treated with PGE2 and found to have a dose dependent blockade in MBP expression at maturation Day 3 (Figure 4f,g ). An assessment of BrdU incorporation ( Figure   4h ) and histone-3 phosphorylation (Figure 4i) showed no difference between PGE2 and control treated cells. Furthermore, a cytotoxicity assay also showed no difference in LDH release (Figure 4j ). Thus, PGE2
is a potent inhibitor of mouse and rat OPC maturation in vitro, but does not affect OPC proliferation or survival.
| PGE2 inhibits OPC maturation through the prostaglandin E receptor 1 (EP1 receptor)
PGE2 signals through four G-protein coupled receptors: EP1-EP4.
RNA transcriptome profiling of cellular subsets in culture (Sharma et al., 2015) and from the postnatal mouse cortex (Zhang et al., 2014) indicated that EP1 is the predominant receptor in the oligodendrocyte lineage. We confirmed by qPCR that EP1 is expressed on immunopanned mouse OPCs (Figure 5a ). We also performed transcriptional analysis of O41 oligodendrocyte lineage cells isolated from of P5 and P10 mouse cortices and found that EP1 was the predominantly expressed receptor at these two separate time points (Figure 5b ).
To determine whether PGE2 acts through EP1 to interfere with OPC maturation, we employed both pharmacologic and genetic approaches. ONO-8711 is an EP1-specific inhibitor (Watanabe et al., 1999 ) and co-treatment of ONO-8711 reversed effects of PGE2 on , PGE2 10 mM, or PGE2 10 mM and EP1 inhibitor (SC-51089 10 mM) in rat oligodendrocyte culture (n 5 10 per group). Representative images (f) and quantification of (g) OPC isolated from EP1-/-or control pups treated with PGE2 (scale bar, 20 lm). * indicates p < .05 and ****p < .001. Data shown compiled from at least three independent experiments MBP expression and maintained Nkx2.2 (Figure 5c,d) . In parallel, similar result was observed with rat OPC cultures in presence of SC-51089 (Hallinan et al., 1993) , another specific EP1 inhibitor (Figure 5e ). Second, we compared the effects of PGE2 on OPCs purified from EP1-/-or littermate EP11/-control pups. In contrast to control cells, EP1-/-OPCs were resistant to the effects of PGE2 (Figure 5f ,g).
Although PGE2 effects have been associated with interactions with Wnt or HIF1a signaling (Goessling et al., 2009; Ji et al., 2010) , we found no evidence of b-catenin activation or HIF1a stabilization in
OPCs following PGE2 exposure (Supporting Information Figure S2a,b) .
In addition, we found no evidence for activation of p38MAPK, which has been reported to modulate OPC maturation (Chew, Coley, Cheng, & Gallo, 2010) . We also found no differences in inflammatory pathway effectors JNK, p65NFjB, IjBa, or STAT3 (Supporting Information Figure S2c). We also assessed Akt, which regulates oligodendrocyte maturation (Luo, Burke, Kantor, Miller, Yang, 2014 ) and brain inflammation with reports PGE2 interactions, albeit through the EP4/PI3K pathway (Shi et al., 2010) . Akt exhibited no change in protein expression between 6 hr and 4 days following 24 hr of PGE2 exposure in rat culture (Supporting Information Figure S2d ). These results demonstrate that PGE2 directly inhibits OPC maturation in vitro through EP1 receptor engagement.
| Inhibition of COX2 attenuates systemic IL-1b-induced hypomyelination
To investigate whether COX2 inhibition could prevent the effects of neonatal exposure to IL-1b, we co-treated mice with IL-1b and Nimesulide between P1 and P5 ( Figure 6a ). Notably, we observed a significant increase of Ep1 transcript at P5 in cerebral tissue of mice (Figure 6d-f ). In addition, we performed testing of treated mice to determine whether COX2 inhibition could reverse behavioral deficits we had previously observed in mice exposed to neonatal IL-1b (Favrais et al., 2011) . In NOR and OLM tests performed at P29 and P30, animals co-treated with IL-1b and Nimesulide performed as controls while animals treated with IL-1b alone showed memory deficits (Figure 6g ).
These findings suggest that inhibition of COX2 is protective against IL1b mediated effects on neonatal brain.
| D I SCUSSION
Despite interventions that have dramatically improved ELBW infant survival, no neuroprotective therapy exists for preterm infants in the neonatal intensive care unit to prevent rising rates of cerebral palsy. In this study, we find that PGE2 can act directly on OPCs to inhibit their maturation and, using both genetic and pharmacologic methods, we
show that its effects are mediated through the EP1 receptor. We also show that in the developing human brain, COX2 is expressed by microglia, endothelial cells and maturing astrocytes. In human neonatal white matter pathology, reactive astrocytes with an "A2" phenotype strongly induce COX2, and treatment with a COX2-specific inhibitor is protective in a mouse model of inflammation-induced NWMI with preserved myelination and attenuated cognitive impairment. Taken together, our findings support a model (Figure 7 ) in which systemic inflammation and perinatal insults can induce "A2" reactive astrocytes to produce PGE2 that directly impairs OPC maturation and myelination.
There are four receptors for PGE2, and differential expression patterns for these receptors and specific effects of these have been reported across species and injury models (Legler et al., 2010) . Using transgenic EP1-/-mice, we purified OPCs and demonstrated that PGE2 directly inhibits OPC maturation in an EP1-dependant manner.
Pharmacologic blockade with EP1-specific inhibitors (ONO-8711 or SC-51089) also attenuated effects of PGE2 to inhibit OPC maturation.
What is downstream of EP1 signaling in OPCs? Interestingly, EP2 specific activation by PGE2 has been reported to modulate cellular differentiation through the activation of Wnt pathway signaling (Castellone et al., 2005; Goessling et al., 2009) , which is capable of causing OPC maturation arrest (Fancy et al., 2009 (Fancy et al., , 2011 Guo et al., 2015) . However, we did not find any evidence for Wnt pathway activation. Also, a survey of multiple kinase pathways did not reveal significant changes with PGE2 treatment in OPCs. Thus, further work is needed to identify potential downstream pathways of EP1 in OPCs.
Reactive astrogliosis is a pathological hallmark of human NWMI (Khwaja and Volpe, 2007) but its role in the maturation arrest of OPCs in the neonatal brain is unclear. Reactive astrocytes subtypes "A1" and "A2" (Liddelow et al., 2017) have been suggested to demarcate neurotoxic versus regenerative forms (Sofroniew, 2014) . Although reactive astrocytes expressing "A1" markers are found in multiple adult human neurodegenerative conditions and are thought to confer neurotoxic effects; however, not much is known about the downstream effects of "A2" reactive astrocytes. In our study examining neonatal tissue from human white matter, we find that astrocytes predominantly express the "A2" marker S100A10 with COX2. These findings are consistent with the association of "A2" reactive astrocytes with the middle cerebral artery occlusion injury (Zamanian et al., 2012) , a model of human neonatal HIE in early postnatal rodents. Our control cases included infants with diaphragmatic hernia, who may have been exposed to some milder degree of hypoxia that did not induce gliosis or inflammatory infiltration. We also find that astrocytes respond to systemic IL-1b with upregulation of "A2" markers, which is in agreement with in vitro findings that IL-1b can promote "A2" astrocyte reactivity associated with COX2 (Ptgs2) upregulation (Liddelow et al., 2017) . Our findings indicate that COX2 is not only a marker of "A2" reactivity, but may also function to promote OPC maturation arrest through PGE2 production.
Future studies may define whether "A1" or "A2" subtypes of reactive astrocytes are also associated with other astrocytic factors known to modulate OPC maturation, such as hyaluronan (Back et al., 2005) , endothelin-1 (Hammond et al., 2014) , BMP (Wang et al., 2011) , or tenascin C (Nash et al., 2011) .
Our study is in general agreement with observations that blocking PGE2 production prevents systemic IL-1b from exacerbating the extent and distribution of lesions in white matter injury (Favrais et al., 2007) . Inhibition of PGE2 signaling also attenuates an in vitro model of excitotoxic OPC death (Carlson et al., 2015) . Thus, in variable neurologic insults, PGE2 likely contributes to neuroglial damage through intrinsic and extrinsic pathways, and might exhibit detrimental effects on cell survival (Palumbo, Toscano, Parente, Weigert, & Bosetti, 2011) .
However, the neuropathology in preterm infants exposed to systemic inflammation leads to hypomyelination, OPC maturation arrest, and typically occurs without increased cell death (Billiards et al., 2008; Favrais et al., 2011; Verney et al., 2012) . As such, this role for PGE2 as a FIG URE 7 Model of COX2-PGE2 signaling pathway in human NWMI and OPC maturation arrest. Systemic inflammation from perinatal insults can induce COX2 in reactive glia such as "A2" reactive astrocytes. PGE2 production from COX2 leads to EP1-receptor mediated maturation arrest of OPCs. Indomethacin or COX2-specific inhibitors such as Nimesulide may provide neuroprotection through inhibition of PGE2 production modulator rather than a toxic mediator in leading to OPC maturation arrest may be more consistent with today's predominant form of neonatal brain injury with diffuse NWMI.
Previous studies using nonspecific COX inhibitors, such as indomethacin or ibuprofen, to promote patent ductus arteriosus closure in preterm infants showed benefit for the prevention of severe intraventricular hemorrhage (Ment et al., 1994; Schmidt et al., 2001 ) but they
were not powered or designed to evaluate NWMI. A recent metaanalysis correlates maternal use of indomethacin as a tocolytic with poor neonatal outcomes (Hammers, Sanchez-Ramos, & Kaunitz, 2015) , but postnatal use of indomethacin have not demonstrated worse neurologic outcomes. On the contrary, a retrospective analysis PreMRI clinical trial data in preterm infants exposed to prolonged (less than three, but greater than seven days) courses of indomethacin showed decreased evidence of NWMI (Gano et al., 2015) suggesting a similar
neuroprotective effect to what we report here. Indeed, our findings suggest a mechanism for white matter neuroprotection through indomethacin's anti-inflammatory inhibition of PGE2 production by reactive glia (Figure 7 ).
In conclusion, this study identifies that COX2 mediated neuroinflammatory PGE2 production can impair the maturation of OPCs through engagement of EP1 receptor. We were able to demonstrate this association in vivo and prevent inflammation induced NMWI with the COX2 inhibitor nimesulide, and provide evidence for the expression of COX2 in human "A2" reactive astrocytes. This is an important mechanistic and proof-of-concept therapeutic support that targeting PGE2 production might be a viable therapeutic strategy in humans at risk for NWMI. 
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